Abstract. To develop a reliable follicle culture system, mouse preantral follicles 150-200 µm in diameter were cultured individually for 5 or 6 days in membrane inserts or in droplets, and then induced to ovulate with hCG (Experiment 1). The nuclear maturation and developmental competence of the oocytes that ovulated from the follicles cultured in inserts were determined (Experiment 2). There was no significant difference between the two culture systems in the survival rate (83 and 77%). However, follicles cultured in inserts showed a higher ovulation rate (63%) than those cultured in droplets (39%, P<0.05). About 80% of the oocytes that ovulated from the follicles cultured in inserts were at the metaphase II stage. After in vitro fertilization, 75 and 48% of in vitro ovulated oocytes cleaved and developed into blastocysts, respectively. These results demonstrate that the insert culture system is superior to the droplet culture system in terms of follicular growth and ovulation, and can be used to investigate the growth and ovulation of follicles in vitro. Key words: Culture system, In vitro ovulation, Mouse preantral follicle, Oocyte maturation (J. Reprod. Dev. 50: [579][580][581][582][583][584][585][586] 2004) he culture of preantral follicles provides the means not only of producing a uniform population of developmentally competent oocytes but also of investigating the physiology of follicular development and ovulation in the absence of systemic influences. Different culture systems have been developed for mouse preantral follicles [1] [2] [3] . Some culture syste ms maintain the threedimensional structure of follicles, while others allow adherence to an underlying substrate causing the collapse of the follicle, resulting in a twod i m e n s i o n a l s t r u c t u r e . T h e c u l t u r e o f enzymatically isolated preantral follicles produces many fertile oocytes, but the enzymatic treatment removes the thecal cells and perforates the basal membrane so that an antrum will not form [4] . A culture system that allows the attachment of follicles yields a large number of oocytes but can not retain the follicle structure [5] . A threedimensional culture has many advantages over a two-dimensional culture for investigating the mechanism of folliculogenesis, oocyte growth, ovulation and ovarian dysfunctions. Maintenance of the three-dimensional structure of isolated intact follicles has been achieved by various approaches such as culturing in membrane inserts [6] , or simply by the daily transfer of follicles to new wells [7] , or new droplets [8] . However, the efficiencies of these three-dimensional culture systems have not been evaluated by direct comparison under the same culture conditions. Moreover, only a few
removes the thecal cells and perforates the basal membrane so that an antrum will not form [4] . A culture system that allows the attachment of follicles yields a large number of oocytes but can not retain the follicle structure [5] . A threedimensional culture has many advantages over a two-dimensional culture for investigating the mechanism of folliculogenesis, oocyte growth, ovulation and ovarian dysfunctions. Maintenance of the three-dimensional structure of isolated intact follicles has been achieved by various approaches such as culturing in membrane inserts [6] , or simply by the daily transfer of follicles to new wells [7] , or new droplets [8] . However, the efficiencies of these three-dimensional culture systems have not been evaluated by direct comparison under the same culture conditions. Moreover, only a few studies have examined the developmental competence of in vitro ovulated oocytes after the culture of preantral follicles using inserts [9] and droplets [7] . Therefore, in the present study, we compared the efficiency of the insert and droplet culture systems in terms of growth and ovulation of preantral follicles. The nuclear maturation status and preimplantation developmental competence of the ovulated oocytes were also evaluated.
Materials and Methods

Animals
Male and female ICR mice purchased from Japan SLC Inc. (Shizuoka, Japan) were housed and bred to produce offspring in the animal housing facility of the Graduate School of Veterinary Medicine, Hokkaido University. The animals were handled according to the guidelines laid down by the u n i v e r s it y . T h e y w e r e k e p t i n l i g h t -a n d temperature-controlled conditions (12 h light: 12 h dark, 23 C), and given chow pellets and water ad libitum.
Isolation of preantral follicles
Immature female mice (21-23 days old) were sacrificed by cervical dislocation. Ovaries were removed and transferred to Leibovitz's L-15 medium (Gibco Life Technologies, Grand Island, NY, USA) supplemented with 2 µM glutamine (Gibco), 2 ng/ml of sod ium selenite (ICN Pharmaceuticals, Costa Mesa, CA, USA), 50 µg/ml of ascorbic acid (Sigma, St Louis, MO, USA), 3 mg/ ml of bovine serum albumin (BSA, Sigma) and 50 µg/ml of gentamicin sulfate in a 60-mm plastic dish (Falcon 1007, Becton Dickinson Labware, Franklin Lake, NJ, USA). Preantral follicles were isolated by mechanical microdissection using a 25-G needle attached to a 1-ml syringe. Follicles 150-200 µm in diameter with a normal morphological appearance (central spherical oocytes, high density of granulosa cells and a thecal cell layer enclosing the entire follicle) were selected. The diameter excluding the theca stroma was estimated by measuring two perpendicular diameters (length and width) with a digital camera (DP11, Olympus, Tokyo, Japan) and a pre-calibrated ocular micrometer under a stereomicroscope or an inverted microscope. Follicles were allocated to one of two size-categories: 175-200 µm (large) and 150-174 µm (small) in diameter.
Culture of preantral follicles
Follicles were cultured individually either in 25-µl droplets of culture medium covered with paraffin oil (Nacalai tesque, Kyoto, Japan) in 35-mm plastic dishes (Falcon 1008) [8] , or in 250 µl of culture medium in membrane inserts (Millicell-CM, PICM01250, Millipore Co., Bedford, MA, USA) [9] . The culture medium was α-minimal essential medium (αMEM, Gibco) supplemented with 1 IU/ ml of porcine follicle stimulating hormone (FSH, Antrin R, Denka Pharmaceutical Co., Ltd., Kawasaki, Japan), 5% mouse serum (Sigma), 2 µM glutamine, 2 ng/ml of sodium selenite, 50 µg/ml of ascorbic acid and 50 µg/ml of gentamicin sulfate. Follicles were cultured in a humidified incubator gassed with 5% CO 2 in air at 37 C. In the droplet culture system, the follicles were transferred to new droplets every day. In the insert culture system, 150 µl of culture medium was exchanged every day.
Induction of ovulation in vitro
At the end of the culture period, follicles were transferred to new inserts or droplets of culture medium containing 5 IU/ml of human chorionic gonadotropin (hCG, Teikoku Hormone Mfg. Co. Ltd., Tokyo, Japan). After 15 h of incubation, the follicles were examined for follicular rupture and oocyte extrusion.
Preparation of oocytes grown and ovulated in vivo
Immature female mice were treated with 5 IU of equine chorionic gonadotropin (eCG, Teikoku Hormone) and 5 IU of hCG given 48 h apart. The mice were sacrificed by cervical dislocation 15 h after the hCG treatment and the oviducts were removed and transferred to plastic dishes containing 0.4 ml of modified Krebs-Ringer bicarbonate solution (TYH medium) [10] under paraffin oil. Clumps of in vivo ovulated oocytes with cumulus masses were released from the ampullae of oviducts under the paraffin oil and guided to the droplet of TYH medium.
In vitro maturation of oocytes grown in vivo
Immature female mice were sacrificed 48 h after injection of eCG without hCG. Cumulus-oocytecomplexes (COCs) were released from large ovarian antral follicles using a 25-G needle in Leibovitz's L-15 medium supplemented with 4 mg/ml of BSA and 50 µg/ml of gentamicin sulfate.
About 25 COCs were transferred to a 50-µl droplet of maturation medium and incubated for 15 h at 37 C in an atmosphere of 5% CO2 in air. The maturation medium was Waymouth medium (Gibco) supplemented with 1 IU/ml of FSH, 10 ng/ ml of human recombinant epidermal growth factor (Sigma), 5% fetal calf serum (FCS, Gibco), 0.23 mM sodium pyruvate and 50 µg/ml of gentamicin sulfate.
In vitro fertilization
In vitro and in vivo ovulated oocytes as well as those matured in vitro were subjected to in vitro fertilization (IVF) by adapting the procedure of Toyoda et al. [10] . Briefly, spermatozoa collected from the caudal epididymis of matured male mice (3 to 6 months old) were incubated for 1 h in a 0.4-ml droplet of TYH medium under paraffin oil in a humidified atmosphere of 5% CO 2 in air at 37 C. An aliquot of sperm suspension was added to a droplet of 0.4 ml of TYH medium containing the oocytes to give a final sperm concentration of 1.5 × 10 5 cells/ml. The droplets were incubated for 4 h in a humidified atmosphere of 5% CO 2 in air at 37 C.
In vitro culture and evaluation of preimplantation development
After IVF, presumptive zygotes freed from cumulus cells were transferred to a 25-µl droplet of potassium simplex optimized medium [11] and cultured in vitro (IVC) in an atmosphere of 5% CO 2 in air at 37 C. Cleavage and development to the blastocyst stage were examined at 24 and 96 h after IVF, respectively.
Experimental studies
Experiment 1: Preantral follicles from the large and small categories were cultured for 5 and 6 days, respectively, using inserts and droplets. They were then induced to ovulate with hCG. The effects of the culture system and initial diameter on the growth of preantral follicles and subsequent ovulation in vitro were determined. The diameters of follicles were measured every day and the timing of the appearance of the antrum was recorded. The survival of the follicles was judged by the absence of signs of degeneration (blackening of the follicles) and bursting (release of oocytes).
Experiment 2: The nuclear maturation and developmental competence of oocytes ovulated from the follicles grown in the insert culture as described in experiment 1 were examined. In some replicates, in vitro ovulated oocytes freed from cumulus cells were whole mounted and fixed with 10% neutral formalin. After staining with 0.25% aceto-lacmoid, the nuclear status of the oocytes was examined under a phase-contrast microscope (Olympus). In other replicates, oocytes ovulated in vitro were used for IVF and IVC. The cleavage and development to blastocyts of in vitro ovulated oocytes were compared with those of in vivo grown/in vivo ovulated oocytes and in vivo grown/ in vitro matured oocytes.
Statistical analysis
The survival and ovulation of follicles, and the nuclear maturation and developmental competence of oocytes were analyzed using the chi-square test. Follicle diameters were analyzed with Student's ttest or three-way analysis of variance (ANOVA) followed by Fisher's protected least significant difference as a post hoc test. Data analysis was performed using StatView software (Abacus Concepts Inc., Berkeley, CA, USA).
Results
Experiment 1
As shown in Table 1 , no significant differences were observed in the rates of survival and ovulation between the large and small categories, regardless of the culture system. There was no significant difference between the two culture systems in the survival rate; however, the follicles cultured in inserts showed a higher ovulation rate (63%) than those cultured in droplets (39%) when the data for the large and small categories were combined (P<0.05). As shown in Fig. 1 , the diameters of viable follicles in the large category were similar in the insert and droplet systems during the first 2 days of culture; however, after the third day, the diameters of follicles cultured in inserts were greater than those cultured in droplets (P<0.05). The follicles in the small category also showed a similar growth pattern in both the insert and droplet culture systems until 3 days of culture; however, on days 4 and 5 the follicles in the insert culture were greater in diameter than those in the droplet culture (P<0.05). As shown in Table 2 , there was no significant difference in the timing of antrum formation between the two culture systems. Regardless of the culture system, the follicles derived from the large category formed antra after 2 and 3 days of culture while most of the follicles from the small category formed antra after 3 and 4 days of culture. An antrum appeared when the diameter reached about 260 µm. As shown in Table 3 , the results of three-way ANOVA revealed that there were no interactions among the effects of starting size of follicles, culture system and ovulation potency on follicular diameter at the time ovulation was induced. Regardless of the culture system and ovulation potency, there was no difference in the diameter of follicles between the large category (409 ± 26 µm, n=50) and the small Values (means ± SD µm) with different superscripts differ significantly (P<0.01). *Diameters were measured after 5 and 6 days of culture for the large and small follicle categories, respectively. category (396 ± 31 µm, n=53) at the time ovulation was induced. The diameters of ovulated follicles were greater than those of non-ovulated follicles when ovulation was induced, regardless of the culture system and starting size (P<0.01). The follicular diameters at the time of ovulation induction tended to be greater in the insert (409 ± 26 µm, n=57) than droplet (394 ± 32 µm, n=46) cultures (P=0.08).
Experiment 2
As shown in Table 4 , there was no difference in nuclear maturation status between the large and small categories, and around 80% of the oocytes that ovulated in vitro were at the metaphase II (MII) stage. As shown in Table 5 , the rates of cleavage and development to blastocysts of oocytes derived from in vitro grown/in vitro ovulated follicles and those derived from in vivo grown/in vitro matured follicles were similar; however, these rates were lower than those of the in vivo grown/in vivo ovulated oocytes (P<0.01).
Discussion
No significant difference was observed in the survival rates of follicles as evaluated by morphological appearance between the insert and droplet culture systems. The survival rates of follicles cultured in inserts (83%) and droplets (77%) were similar to/or slightly higher than those reported for follicles cultured in inserts (85%) [9] and droplets (60-70%) [7, 12] . The slightly higher survival rates could be due to the supplementation of the culture medium with an additional 50 µg/ml of ascorbic acid, which was reported to improve the survival rate of cultured mouse preantral follicles [9] . The formulations of αMEM includes ascorbic acid at a concentration of 50 µg/ml, however, because liquid media are prepared in batches and have a minimum shelf life of three months, it is likely that the ascorbic acid content would have decayed in the media used [2] . According to the classification of Pedersen [13] and our previous findings [14] , follicles in the small (150-174 µm) and large (175-200 µm) categories were estimated to be in the mid-stage of type 5a and early stage of type 5b, respectively. Follicles of types 5a and 5b grown in vivo may require 3 and 2 days, respectively, to reach the antral stage (type 6) [13] . Most follicles in the large and small categories f o r m e d a n t ra o n d a y s 2 a n d 3 o f c u l t u r e , respectively. The timing of the antra formation in the present two culture systems was similar to that in vivo, and was in agreement with a previous report in which antra appeared on days 2 and 3 when follicles of 190 ± 10 µm were cultured in wells under an oil covering [12] . Antra were reported to appear in mouse preantral follicles cultured in vitro when the follicles attained a diameter of 300-325 µm [7, 14, 15] . In the present study, antra appeared when the follicles reached about 260 µm in diameter on days 2 and 3 of culture. These findings suggest that under the present culture conditions, the formation of antra might depend on the age rather than size of the follicles: after a specific inherent number of divisions, the garnulosa cells may differentiate and start secreting follicular fluid.
After antra had formed, the follicles cultured in the inserts grew faster and tended to be larger at the time of hCG treatment for induction of ovulation, resulting in a higher ovulation rate compared with those cultured in the droplets. Mouse follicles attaining a Graafian morphology and a size of over 380 µm can ovulate in vitro in response to luteinizing hormone [7] . Under the present culture conditions, the follicles in the large and small categories needed 4-5 and 5-6 days, respectively, to reach a diameter of 380 µm. Therefore, hCG treatment was given on days 5 and 6 of culture, respectively. The follicles cultured in the inserts showed a high ovulation rate (63%) compared with those cultured in the droplets (39%). These rates are similar to those reported previously. An ovulation rate of more than 60% was obtained from the follicles cultured in inserts once they exceeded 400 µm in diameter [9] , while a rate of about 50% was reported for follicles cultured in droplets under an oil covering [7] .
The reasons for the superiority of the insert culture in growth and ovulation are not clear, but the system might mimic more closely physiological conditions in vivo than the droplet culture. Mouse preantral follicles cultured in vitro without an oil covering have been shown to have a faster growth rate than those cultured with an oil covering [2] . The oil covering may reduce gas exchange efficiency and enhance the utilization of the glycolytic pathway [16] that produces only 2 molecules of ATP for each molecule of glucose compared with oxidative phosphorylation which yields 38 molecules of ATP for each molecule of glucose. Follicles cultured in inserts with a relatively large volume of medium (250 µl) may be supplied with more nutrients and functional substances, which support growth and function, than those cultured in droplets with a small volume (25 µl) of medium. In the droplet culture, daily transfer to new droplets may cause damage and remove factors important for development and ovulation from the environment. Furthermore, the oil layer used in the droplet system may alter the composition of the culture medium by absorbing certain types of compounds [17] . These differences between the two culture systems may explain the faster follicular growth in the insert culture. The higher ovulation rate in the insert culture could be attributed, in part, to the higher number of larger follicles at the time ovulation was induced. At the time of hCG treatment, subsequently ovulated follicles had a larger diameter than non-ovulated follicles in the present study, indicating that larger follicles at the time of hCG treatment may have g r e a t e r p o t e n t i a l t o o v u l a t e [ 9 ] . F u r t h e r experiments are needed not only to clarify the reasons for the differences in growth and ovulation rates between the insert and droplet culture systems but also to determine the optimal timing of hCG treatment.
The nuclear maturation rate of the oocytes ovulated from follicles cultured in vitro (79% of MII) was similar to that of the oocytes isolated from follicles grown in vitro and subjected to in vitro maturation (IVM, 70% of MII) [8, 15] . The cleavage rate of in vitro ovulated oocytes in the present study (75%) was higher than that of the oocytes isolated from follicles grown in vitro and subjected to IVM (about 40%) [8, 12] . The blastocyst rate of the oocytes ovulated in vitro (48%) was similar to that of oocytes isolated from follicles grown in vitro and subjected to IVM (41%) [12] and ovulated in vitro from follicles cultured in inserts (42%) [9] . However, these rates were lower than those of the oocytes derived from in vivo grown and in vivo ovulated follicles (75%).
In vivo grown follicles of types 5a and 5b may require 5 and 4 days, respectively, to reach the fully developed preovulatory stage (type 8) [13] . Under the present insert culture conditions, the size of follicles in both categories increased linearly after the antrum formation, but the rate decreased towards the preovulatory stage. As a result, the follicles in small and large categories needed 6 and 5 days, respectively, to approach a size of 400 µm in diameter. About 80% of ovulated oocytes were at MII and the remaining were at the anaphase I and telophase I stages. These findings indicate that even if in vitro ovulated oocytes were at MII, they may not have acquired complete developmental competence. Cytoplasmic maturation is necessary to support the development of fertilized oocytes to the blastocyst stage [18] . The decrease in the growth rate during the final stage of follicle culture indicates that the function of the follicles deviated from the norm, resulting in an incomplete cytoplasmic maturation of oocytes. Further e x p e r i m e n t s a r e n e e d e d t o i m p r o v e t h e developmental capacity of oocytes ovulated in vitro and to investigate the process of ovulation using the insert culture system.
In conclusion, the present study indicates that the culture system using membrane inserts better supports the growth of preantral follicles in vitro and their subsequent ovulation in vitro compared with a culture system using droplets, and that the insert culture system could be used to investigate follicular growth and ovulation in vitro.
